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Abstract 
The majority of all metals will undergo a rolling process during the production chain from metal generation to the final product. 
These rolling processes may be used to define the product geometry, the material properties or functional surface properties. 
The paper reviews selected processes for tailor rolled products as well as modeling techniques helping to design or optimize 
these processes. Their common goal is to improve material efficiency in flat rolling and in application of rolled products. 
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1. Introduction 
As the majority of all metal produced undergoes a rolling process an enhancement of rolling efficiency can 
deliver significant contribution to sustainability. Driving forces for rolling process development originate from the 
need to improve energy and material efficiency which is often in line with reducing costs. Other drivers are the 
increase of the product value, i.e. defined by geometric properties or material properties which permit final 
products with improved performance during their usage. These development trends will be exemplarily reviewed 
with respect to (1) light weight design by tailor rolled semi-finished products, (2) increasing the functionality of 
rolled products by tailoring the properties across the thickness by the roll bonding process, (3) tailoring surface 
properties and by (4) improvement of process layout by modeling and simulation on various scales. 
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2. Rolling and casting processes for tailored cross sections 
With regard to flat rolled products material efficiency includes to create the desired thickness distribution 
already during the rolling process. Today processes like “flexible rolling” or “strip profile rolling” allow light 
weight design by an efficient production of thin sheets or strips with a defined thickness variation in the 
longitudinal or width direction. Newer approaches are direct casting of thin strips with a thickness variation in the 
width direction by using the vertical double roller strip casting process and rolling of axially profiled rings. 
2.1. Thickness distribution in length direction 
Flexible rolling is a modified cold rolling process, which allows large-scale production of sheets with variable 
thickness in the longitudinal direction [1, 2]. The so called Tailor Rolled Blanks (TRB) are produced by a closed 
loop controlled modification of the roll gap during the flat rolling process ensuring that the predefined thickness 
distribution is achieved within tight tolerances. The thickness variations are desired to obtain a load-optimized wall 
thickness distribution in structural components, i.e. parts for automotive applications.  
Nowadays, flexible rolling is a state-of-the-art technology to produce load-optimized lightweight structure parts. 
For example Mubea produces up to 300.000 tons per year at the production sites in Attendorn, Weißensee 
(Germany) and Florence (USA). The TRBs are used as starting material for a large variety of parts in the 
automotive industry (e.g. bumpers, pillars, chassis subframe) and load-optimized pipes. Up to now, the TRBs are 
mostly made of various steels from deep drawing steels up to advanced high strength steels (AHSS).  
2.2. Thickness distribution in width direction 
The process of strip profile rolling is characterized by the use of narrow profiled rolls which facilitate a 
transversal material flow (spreading) and thereby permit the production of a profile in width direction. Kopp [3] 
explains the mechanism of the lateral material flow using the ratio of contact-width to contact-length. If the ratio is 
significantly smaller than 1.0 the lateral material flow dominates in the process. According to Utsunomiya [4] and 
Abo-Elkhier [5] the geometric parameters of the profile rolls (diameter, width, etc.) also influence the spreading 
ability during the rolling process. 
 
    
Fig. 1. Strip profile rolling mill (a), rolling strategy (b), demonstrator profile (c) and commercial profile (d) made from Tailor Rolled Strips. 
Spreading is necessary to prevent a material flow in longitudinal direction, which would result in buckling of 
the strip [6]. In order to produce wider grooves several subsequent rolling passes with a symmetrical roller setup 
can be used (Figure 1). For example a 12-stand strip profile rolling mill has been successfully used to produce 
Tailor Rolled Strips (TRS) by the above mentioned rolling strategy with several subsequent passes. Further 
manufacturing, i.e. by roll forming and welding processes, leads to load-optimized structural profiles (Fig. 1c and 
d) [7]. 
The process discussed afore is based on a larger number of rolling passes using conventional sheet material as a 
starting product. Ferry [8] described the strip casting process using the twin-roller procedure. In this process thin 
strips are produced directly from the melt which is poured between counter-rotating casting rollers, where it 
solidifies into a strip in a continuous process. If in the course of strip casting it were also possible to produce strips 
b a c d 
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with a defined thickness profile across the strip in a single stage, then this would offer a considerable shortening of 
the process chain. Recent research deploying numerical simulations and experimental investigations demonstrates 
the basic feasibility of profiled steel strip being produced by means of thin-strip casting [9].  
 
 
                           
Fig. 2. Schematic view of the profile strip casting process (a), the dendritic crystallization and the temperature profile (b) and produced profiles 
(c). 
2.3. Profiles with longitudinal variation of the cross section 
Carruth and Allwood (2011) proposed a hot rolling process for the production of I-beams with a variable cross-
section. Figure 3 shows the key forming stages and the necessary roll geometry. It is foreseen to produce an I-beam 
with a bulge in the middle. In the last step of the process this bulge will be rolled out, so that the beam spreads. The 
process was investigated in FEM simulations and rolling experiments with plasticine. Both, the simulations and the 
experiments showed that the process is feasible whilst some restricting parameters, e.g. the bulge area ratio, are not 
exceeded [10].  
 
          
Fig. 3. Forming stages of the variable cross-section beam process and workpiece geometries after each stage [10]. 
2.4. Rolling of axially profiled rings 
Ring rolling is used to manufacture a wide geometrical range of seamless annular components from different 
materials on a single machine. In order to reduce the loss of material and the subsequent machining rolling of 
axially profiled rings is an interesting process development. However, due to the continuously changing ring 
geometry, modified control strategies are required to avoid rolling defects. Accordingly for a realistic simulation 
the closed-loop structure from the real process has been implemented within the FE environment consisting of 
virtual sensors and actuators to allow for virtual testing of new self-designed control algorithms (see Fig. 4). 
Furthermore, with the information gained from the simulations, experiments were successfully carried out [11].  
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Fig. 4. Closed loop control for ring rolling simulation (a), achieved product (b), axially profiling of rings in simulations (c) and in reality (d). 
The results show that using this control strategy rings with axially profiled cross section can be rolled on 
slightly modified radial axial ring rolling machines. However the development of the process strategy still requires 
at least numerical trial and error procedures, which might in future eventually be avoided by including additional 
sensors in the process which monitor the profile evolution [12].  
3. Tailored properties across the thickness 
Tailored properties across the thickness of strips and sheet can be achieved by roll bonding processes, which 
however become difficult if metals of significantly different strengths shall be combined. In such cases there is the 
trend that the softer material elongates more than the harder material. This may lead to failure of the initially weak 
bond and subsequently to inacceptable excess length of the softer plating as shown in Fig. 5a in a simplified 
laboratory test.  
 
 
Fig. 5. Different layer-elongation in the experiment (a) and finite element simulation (b) . 
For the upper figure both partners (AA 1050 as upper and AA 2024 as lower layer) were heated to 470 °C while 
for the lower figure the softer upper layer was cooled to achieve a similar flow stress during rolling [13]. This 
method obviously has reduced the excess length but could not completely avoid it. In a preliminary FE simulation, 
in which the layers were just combined by a relatively large friction factor, the tendency of reducing the excess 
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length is significantly overestimated (Fig. 5b). Accordingly a better Finite Element framework is currently being 
developed [14]. 
This enhanced numerical model shall be able to predict bond creation and bonding strength based on material 
characteristics and local parameters of the contact surface. Therefore the ABAQUS User subroutine “UINTER” 
was used to compute the normal and tangential strength of the bond as a function of the local parameters and 
allowing tangential sliding and separation if this strength is exceeded. The bond strength was initially calculated 
following Bay’s model [15, 16]. Then this value is compared to the local loading stresses and depending on the 
comparison the bond is either maintained or released [14]. Comparisons with results of Zhang and Bay showed 
that the bonding strength, calculated by the subroutine is similar to those of Zhang and Bay [15, 16]. 
 
 
Fig. 6. Experimental setup (a) and comparison of experimental and simulative force measurements (b) [17] 
However in order to be able to include further influencing parameters, like temperature or surface condition into 
the model a combined compression and torsion test was developed, which allows to vary the parameters 
influencing the bond formation (surface enlargement, temperature, tangential sliding,…) as well as direct 
subsequent testing of the bond strength by tension and/or torsion. A typical test history (red line) as well as the 
result of a simulation of the test utilizing an empirical bond strength function derived from a test series is shown in 
Fig. 6b. The simulated tensile strength is in a good agreement with the experimental data [17]. 
4. Tailored surface properties 
Tailored surface properties are commonly defined by skin pass rolling. They determine tribological, optical or 
other properties of the surface. Recently it could be shown that also cladded high strength aluminum alloys that are 
used in aerospace applications, can be structured with very fine riblet surfaces which reduce friction drag. This 
plastic deformation additionally hardens the surface, making it less liable to fatigue [18]. As the tip radius of the 
riblet should be as small as possible, preferably in the range of less than 1 μm, machining the negative imprint into 
the roll surface is very difficult. Therefore a wire winding process is used to realize structured roll surfaces by the 
continuous attachment of round steel wire on the flat roll surface. Riblet spacing can be chosen according to 
available steel wire diameters, radii at the riblet tips are converging to zero [19].  
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Fig. 7. Produced riblet surface on cladded AA2024-T351 strip and the according simulation [20]. 
5. Computational modeling of the flat rolling process chain 
5.1. Overview of rolling process modeling 
Computational modeling of the flat rolling process chain is performed with different objectives in focus, for 
instance the prediction or improvement of (1) force, torque, temperature for roll pass design, (2) microstructure and 
material properties during and after rolling, (3) metal flow and surface structures, (4) sheet profile, roll flattening, 
roll wear and rolling defects. 
According to this large variety of simulation objectives, numerous different models are employed in the 
industrial and academic field [21]. Especially the global target values, like forces or torques, can effectively be 
described with relatively simple models based on the slab theory by von Karman [22], which may be combined 
with simplified models for temperature prediction [23]. The coupling between tandem mills is well taken into 
account on this level in industrial praxis [24]. In addition, various analytical models exist for the inclusion of roll 
flattening and deflection [25]. While these models are generally fast enough to allow their use for automatic 
optimization or online application in control systems, the increasingly powerful numerical FE models, still require 
large computational times, but enable to achieve a high resolution of results on all scales; from microstructure, as 
shown by Roters [26] and Helm [27] to machine behaviour discussed by Brecher [28]. Specifically in ring rolling 
the integration of the control algorithms in the FE analysis is vital [29]. 
5.2. Fast models for pass schedules in plate rolling 
From an industrial point of view the main objective for modeling of rolling processes is the prediction of the roll 
force, torque and the microstructural events during the rolling process. For the prediction of roll force in plate 
rolling, fast analytical models, based on the slab method are still considered the industrial standard today [30]. 
Closed form solutions to calculate the force according to Siebel and Lugovskoi are presented in Fig. 8. They differ 
in the calculation of the geometry factor QP. The geometrical parameters in the equations are bm for the mean 
width, ld for the contact length and hm for the mean height whereas kf represents the flow stress. 
 
 
Fig. 8. Solutions of the slab method according to Siebel and Lugovskoi. 
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While the model calculations for force and also torque are commonly based on average values for the sake of 
speed, robustness and adaption, the calculations of grain size distribution over the plate thickness demand for local 
values for strain, strain rate and temperature. The temperature field can effectively be solved by FDM algorithms 
on a local discretised grid. The same grid can also be applied to map the values of local strain and strain rate in the 
roll gap by means of empirical analytical functions with respect to the geometric conditions in the roll gap. The 
HTXLYDOHQWVWUDLQİeq then is defined according to von Mises including the local shear distribution (Fig. 9), which 
has been calibrated by means of a FE parameter study, for a wide range of plate thickness and pass reductions [31]. 
With 50 parameter combinations of the initial height h0 ௘ ௘௘-௘௘ mm and pass reductions between Hh ௘ ௘௘-௘௘ the 
entire range of plate rolling parameters, including the rolling of ultra-heavy blocks is covered. Keeping the roll 
radius fixed at R௘=௘550 ௘mm and the friction factor at μ௘=௘0.35, common values for plate rolling configurations are 
assumed. 
 
 
Fig. 9. Grid distortion and net shear strain through the roll gap for thick plate (h0 ௗ ௘௘PPǻh ௘ ௘௘ld/hm ௗ ௘DQGWKLQSODWHh0 ௗ ௘௘PP
ǻh ௘ ௘௘ld/hm ௗ ௘. 
Using the local shear strain to determine the equivalent plastic strain as shown in Fig. 10 gives two typical 
shapes of the strain distribution over plate thickness due to the influence of outer friction and inner friction.  
 
 
Fig. 10.Distribution of strain components in the roll gap and the resulting equivalent strain according to the developed shear strain model (h0 = 
PPİ . 
In fast rolling models the kinetics of recrystallization and the grain size evolution are commonly described by a 
set of empirical formulations, i.e. according to Sellars et al. [32-34]. Furthermore they are based on input, which 
FE Simulation Fast Rolling Model 
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defines the process and material parameters, such as thermal material properties, roll parameters, flow stress 
parameters, recrystallization parameters, grain-growth parameters, pass schedule. Typical results include force, 
torque, temperature distribution, recrystallized fraction, grain size, some of which are displayed in Figure 11 for a 
typical plate rolling case calculated by a self-developed simulation tool named RoCaT (Rolling Calculation Tool). 
 
Fig. 11.  Results of the RoCaT model for the rolling schedule of a C-Mn steel plate. 
Slab method based rolling models can give a solution within seconds of calculation time and thus can be used 
for inverse modeling and optimization. As an example an inverse technique was developed to improve the 
prediction quality of such models. Force values for multiple slabs obtained from the former mentioned rolling 
model are passed to a cost function in conjunction with the forces measured during industrial rolling. This cost 
function (Eq. (1)) is used to evaluate the level of agreement between measured and calculated forces in a least 
square sense. Then the parameters of the material model embedded into the rolling model are adjusted to achieve a 
better mean flow stress prediction and hence a rolling force prediction closer to the measurement. Over several 
iteration steps the cost function value finally reaches a minimum, where the material model parameters are optimal. 
A flow diagram of this inverse concept is illustrated in Figure 12a.  
 
Fig. 12. Inverse modelling concept (a) and comparison of measurement and prediction (b). 
The mathematical definition of this nonlinear optimization problem is given in Eqs. (1) and (2) where ș is the 
vector of all parameters, index i represents the slabs and index j represents the individual rolling passes.  
 
a b 
process time t [s] process time t [s] 
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ܬ(ߠ) =෍෍ቀܨ௜௝(௠௘௔௦௨௥௘௠௘௡௧) െ ܨ௜௝(௖௔௟௖)൫ߪ(ߠ)൯ቁ
ଶ
௝௜
   ,                                                 (1) 
 
ߠ௢௣௧ = arg min ܬ(ߠ)      ,                                                                          (2) 
 
The results discussed hereafter were all generated during an optimization run consisting of ~50 iterations and 
involving 4.000 industrially rolled slabs with in total ~88.000 passes. A comparison between the measured forces 
and the corresponding predictions with optimal material model parameters for all the rolling passes is shown in Fig. 
12E,WLVYLVLEOHIURPWKHSORWWKDWWKHJHQHUDOOHYHORIDJUHHPHQWLVJRRGZLWKPRVWSUHGLFWLRQVZLWKLQDUDQJH
of the measurePHQW$GGLWLRQDOO\WKHQXPEHURIRXWOLQHUVZLWKGHYLDWLRQVRIPRUHWKDQLVFRQVLGHUDEO\VPDOO 
[35, 36]. 
6. Conclusions 
At least the following conclusions may be drawn from the previous sections: 
(1) Modified rolling processes allow the production of strips with tailored properties such as defined thickness 
distributions (i.e. flexible rolling, strip profile rolling, profile strip casting), material combinations (i.e. roll 
bonding) or functionalized surfaces (i.e. riblet rolling) thus providing additional product value. Some of these 
processes were primarily designed for specific metals or specific applications but their transfer to other metals 
or other applications might open new opportunities.  
(2) For many industrial optimization tasks fast numerical models based on the slab theory including some 
enhancements for the distribution of temperature and shear across the thickness (RoCaT) may effectively be 
used in combination with inverse material modeling using industrial process measurements.  
(3) For other processes or other target values, i.e. in ring rolling, the closed loop process control may play an 
important role. In such cases it is necessary and sometimes possible to include the process control algorithms 
as well as virtual sensors in the simulation system.  
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